

  metals-13-01603




metals-13-01603







Metals 2023, 13(9), 1603; doi:10.3390/met13091603




Article



Analysis of the Mechanical and Microstructural Fluctuations of High-Strength Steels and Their Effect on Bending Angle



Laura Muñiz *, Javier Trinidad and Lander Galdos





Department of Mechanical and Industrial Production, Mondragon Unibertsitatea, Loramendi 4, Mondragon, 20500 Gipuzkoa, Spain









*



Correspondence: lmuniz@mondragon.edu







Citation: Muñiz, L.; Trinidad, J.; Galdos, L. Analysis of the Mechanical and Microstructural Fluctuations of High-Strength Steels and Their Effect on Bending Angle. Metals 2023, 13, 1603. https://doi.org/10.3390/met13091603



Academic Editors: Petra Maier and Normen Fuchs



Received: 21 August 2023 / Revised: 10 September 2023 / Accepted: 13 September 2023 / Published: 15 September 2023



Abstract

:

The quality and complexity demands of manufactured parts in sectors such as automotive and aeronautics lead to narrower process windows. This affects the repeatability and stability of the process, where material properties and process variations have a major impact. In bending processes, the bending angle is affected by variability in mechanical and microstructural properties, especially in high-strength materials. To address this, mechanical and microstructural characterization is crucial. This study conducted mechanical and microstructural characterization on five high-strength steels from different suppliers: three DP980 and two CP980. These materials are currently used by an industrial company in the automotive sector to manufacture a real product by means of U-bending, where a real issue of variability exists. Tensile tests were performed to quantify mechanical fluctuations. Microstructural analysis was also performed to determine the grain size and volume fractions of martensite and ferrite in the case of DP980, and ferrite, bainite, and retained austenite in the case of CP980. The largest variations were found for the hardening exponent, mean grain size, and elongation. To analyze their variability in an industrial process, U-bending tests were carried out using the five materials and the bending angle after the springback was measured. A total of 250 pieces were bent for the different materials and press strokes. Variations up to 1.25° in bending angle were found between the five batches for the same press stroke. A quantitative correlation analysis was performed to estimate the influence of the different parameters on the bending angle, where sheet thickness and tensile strength were shown to be two of the most influential parameters. Knowing this influence based on the variability of the properties, a control approach can be developed to reduce defects.
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1. Introduction


Nowadays, the reduction in CO2 emissions in the automotive industry is leading to higher demands for lightweight car body design. For this reason, the use of high-strength steel materials has increased significantly during the last decades in both deep drawing and draw-bending operations. Advanced high-strength steels (AHSS) are especially suitable for structural components in modern car body manufacturing [1]. This is due to their outstanding features such as high-strength, high energy absorption capacity, and good fatigue strength. Door beams, cross members, panel reinforcements, and B-pillars are cases in point, principally subjected to tensile loads. Furthermore, the need to improve fuel efficiency, leading to environmental protection and energy saving [1,2,3] has promoted the development and optimization of these steels. Figure 1 shows the elongation versus tensile strength for different classes of high-strength steels and advanced high-strength steels. Using mechanisms such as grain refinement, precipitation strengthening increases the strength of steels while decreasing formability. The first-generation AHSS have higher work-hardening rates and formability.



Generally, DP steels consist of about 75–85% of ferrite matrix (body centered cubic (BCC)) with a mixture of martensite (body centered tetragonal (BCT)), with a low tetragonality), and lower quantities of other phases such as retained austenite and bainite [5,6]. The ferritic phase is soft and generally continuous, providing excellent ductility. The fraction of martensitic second phase (hard phase) rises with the increase in desired steel strength [7]. The desired steel strength increases with the increase in the fraction of martensitic second phase (hard phase) [8]. The small quantity of retained austenite does not significantly change the specific properties of this steel [9]. CP steels have a microstructure that often contains ferrite and bainite with small amounts of pearlite, martensite, and retained austenite [5]. Extreme grain refinement is created by retarded recrystallization or precipitation of microalloying elements such as Ti or Cb [10].



DP steels have high ductility and work hardening rates in the first stages of plastic deformation, as well as maintaining an exceptional combination of formability and strength [11,12]. However, the current AHSS have a low planar anisotropy, which limits deep drawability. Furthermore, at the beginning, hardening can be very high, but this stabilizes with increasing strains, more than, for example, in mild steels. The stretchability of these steels is also considered a disadvantage [13]. CP steels have a higher minimum yield strength in comparison with DP steels for same strength level. They have a high work hardening capability at a low strain [5,14,15,16].



Several studies have been conducted on variability in the microstructural and mechanical properties of different types of materials in various manufacturing applications [17,18,19]. Djavanroodi et al. [18] experimentally analyzed the fluctuations in the mechanical properties and weight of reinforcing steel, highlighting the need to use variability analysis methodologies to evaluate material variability based on production data. Bright et al. [19] analyzed the variability of the mechanical properties of a high-strength low-alloy (HLSA) steel, examining the chemistry of the rolling and cast conditions of the steel. They found that steel exhibited more variability in yield strength than ultimate tensile strength, and the amount of niobium was what most influenced the mechanical properties due to its grain refining and strengthening properties. Harsch et al. [20] tested the same material (stainless steel 1.4301) from different suppliers to analyze the fluctuations in material properties, as these often lead to robustness problems in manufacturing processes. To increase the process quality, they measured the yield locus, yield curve, and forming limit curve of the materials, finding significant disparity between suppliers.



These variations in material properties must be considered, as these fluctuations can be crucial in the manufacturing process. Because of this, their effect on the quality features of the process must be known. For this, sensitivity analyses are a powerful tool. For example, Wiebenga et al. [21] performed a Pareto analysis to determine the influence of several variables in roll forming. Furthermore, the sensitivity of the springback behavior in relation to the material properties has been considered in the literature. Kwei et al. [22] analyzed the effect of the punch radius, material strength, and sheet thickness on the springback angle in V-bending, and found that the springback ratio increased as the normal anisotropy increased or as the thickness ratio and strain-hardening exponent decreased.



The variability in mechanical properties between different batches of the same material, as well as between batches from different providers, is an important factor to consider. This variability could affect quality requirements within a given production run of material.



Considering this, the primary focus of this study is to examine the differences in mechanical, microstructural, and formability characteristics between cold-rolled DP980 and CP980 high-strength steels. These two types of materials are employed when producing an identical automotive component, specifically a seat rail component, by a well-known TIER1 company. Consequently, investigating the variation in bend angles post-springback across various material batches is crucial for the company’s comprehension of the origin of this discrepancy. It also paves the way for suggesting an enhanced feedback control system to integrate into the press system, ultimately resulting in a more robust manufacturing process. To this end, the following tests were carried out:




	
Chemical composition analysis to identify and quantify the elemental composition of each batch.



	
Microstructural analysis using scanning electron microscopy (SEM) for an in-depth characterization and electron backscatter diffraction (EBSD) analysis to identify the recrystallization state and grain misorientations.



	
Tensile tests to determine the mechanical properties of each batch.



	
U-bending tests in a press demonstrator. The bend angle after the springback was measured, and Pearson correlation coefficients were obtained using correlation analysis. Thus, positive and negative effects of the initial material properties’ variability and press specifications on the bend angle after springback were calculated









2. Materials and Methods


2.1. Materials


In this work, two different high-strength steel types with a nominal thickness of 1.5 mm were analyzed: three dual-phase DP980 steel from two different suppliers and two complex-phase CP980 steel from another (Table 1). The samples were cold-rolled and skin-passed to maintain the thickness of the strip. It must be noted that, although CP and DP are different materials, they are all used in an industrial process to manufacture the same component. Table 1 presents the examined materials, along with their corresponding specifications.




2.2. Chemical Composition Analysis


The chemical composition of both DP980 and CP980 was measured using inductively coupled plasma optical emission spectrometric analysis. Measurements were carried out based on UNE EN 10351:2012 [23].




2.3. Microstructural Properties of DP980 and CP980


Specimens free of deformations were taken from the DP980 and CP980 sheets from each supplier. The same procedure was followed for all samples: (i) they were mounted in an epoxy resin, (ii) ground down with SiC paper, (iii) degreased with alkaline cleaner and rinsed in tap water followed by denoised water, (iv) polished with diamond paste of 3 and 1 µm, and (v) polished 4 h in a vibratory polisher with a 0.05 µm alumina suspension.



Microstructures were measured using an optical microscope Leica DMi8. With this method, the steel phase colors could be observed only when etched, which is why the scanning electron microscope was used to differentiate the phases by means of a topographic contrast with secondary electrons.



In this work, the inverse pole figure (IPF) tool was used by means of electron back scatter diffraction (EBSD) analysis to determine the grain misorientations and, in this way, to observe the microstructural variability in the different specimens. To perform the EBSD analysis, the specimens were automatically polished with colloidal silica for 30 s. Subsequently, they were cleaned with distilled water, wetted in ethanol and dried in warm air. After that, they were polished for 4 h in a vibratory polisher with a 0.05 µm alumina suspension.



It is important to take into account the limitation of the EBSD software in distinguishing between ferrite (bcc) and martensite (bct) phases in dual-phase steel, as the crystalline structure of their microconstituents is similar. For this reason, it was decided not to force the software to index martensite. Therefore, the points not indexed were the sum of the possible martensite and the very deformed ferrite. The martensite and ferrite percentages were determined using scanning electron microscopy (SEM). For the SEM inspections, the specimens were etched with 2% Nital solution for 15 s, given that Nital preferentially etches ferrite and outlines the grain boundaries, leaving martensite undissolved.



The digital images from the SEM inspections were used to calculate the volume fraction of martensite, which appeared in relief with respect to the ferritic matrix, as well as the ferrite phases. Metallographic analysis was performed using ImageJ and MATLAB. ImageJ was used to color the martensite areas in white. In MATLAB, using the RGB scale, the pixels of the image were classified according to their corresponding number on the scale, and the martensite area was calculated.



The analyses were developed in a field emission gun scanning electron microscope (FEG-SEM) FEI NOVA NANOSEM 450 equipped with energy-dispersive spectroscopy (EDS) facilities. The scans were carried out using a step size of 0.125 µm, 2500×. The EBSD crude data were post-processed with Tango software, using Oxford Instruments, and the grain size and grain misorientations were calculated. The size of each grain was calculated by converting the area of the grain into the equivalent circle diameter (see Equation (1)):


   ∅ i  =      S i  ⋅ 4  π    ,  



(1)




where    ∅ i    and    S i    are the equivalent circle diameter ad grain surface of the i-th grain, respectively. The arithmetic average grain size was calculated according to Equation (2):


   ⟨  ∅ A  ⟩  =  1 N   ∑  i = 1  N   ∅ i   



(2)




where N is the number of grains.



Apart from the arithmetic average, the weighted average grain size was also calculated according to Equation (3):


   ⟨  ∅ W  ⟩  =  ∑  i = 1  N     S i     S t    ·  ∅ i   



(3)




where    S t    indicates the total area measured.



By calculating both averages, it is possible to know in which samples there is a higher number of ultrafine grains and/or carbides, i.e., in the samples where both means have different values. For the correlation analysis, the arithmetic average grain size was used.




2.4. Mechanical Properties of Both DP980 and CP980


In accordance with ISO 6892-1:2019 standard for tensile testing on metallic materials [24], tensile tests were performed in a 50 kN Instron/Zwick 3369 testing machine equipped with an extensometer Zwick-Roell makroXtens II with a calibration distance of 25 mm, so that the displacement could measure the precise strain. The tests were carried out at room temperature and the test speed was 1.5 mm/min.



The samples were cut out in three directions: (1) test in the rolling direction (RD, 0°), (2) test in the diagonal direction (DD, 45°), and (3) test in the transversal direction (TD, 90°). In accordance with ASTM E8/E8M, the specimens were machined in a dog-bone configuration [25].



Tensile tests were performed on three specimens for each rolling direction and per supplier. Different mechanical properties were obtained: 0.2% offset yield strength (Rp0.2%), ultimate tensile strength (UTS) or tensile strength, elongation (A), hardening exponent (n) and Lankford coefficients (r). To obtain n, the range of deformation selected was from 2% to 4%, and it was calculated following Hollomon’s law [26]. To obtain the strains in the specimen, a deformation analysis was carried out using image digital correlation (DIC). The DIC-based system employed to develop the required measurements in this work was GOM Aramis 5M [27].




2.5. Experimental Tests in U-Bending Demonstrator in the Servomechanical Press


After mechanical and microstructural analysis, several tests in the laboratory servo-mechanical press of 400 ton were performed to characterize the variability of materials regarding the bend angle after the springback. As the focus of this study was the variation in the bend angle after the springback and not the springback itself, the steel sheets were used as received for the characterization, without treatment or coating modifications. Figure 2 illustrates the U-bending process scheme, where α is the bend angle after the springback. The measurements were performed after bending of the part.



To measure the experimental bending angle, a measuring tool was developed (Figure 3). It consisted of two linear variable differential transformers (LVDTs) placed in the upper test rig. LVDTs measured in the upper and lower zones of the part. The piece was placed by means of pins and magnets to ensure its correct measurement.



To characterize the variability of the process, the procedure was as follows: 10 repetitions with the five materials for five different strokes were performed, for a total of 250 parts. The press velocity was the same for all parts. The bending angle, real stroke and sheet thickness were measured in each test.




2.6. Correlation Analysis Procedure


Once materials were characterized and experimental U-bending tests were performed, a correlation analysis was performed to obtain the Pearson coefficients. This allowed for the determination of the influence of different variables in the outcome of a process. With this analysis, effects of different mechanical and microstructural properties on the bend angle after the springback for the five different materials were obtained.





3. Results


3.1. Chemical Composition Measurements


The chemical composition analysis of both DP980 and CP980 is shown in Table 2.




3.2. Microstructural Properties of DP980 and CP980


The corresponding micrographs for the alloys are shown in Figure 4. The identification of individual phases was carried out based on a comparison with the available literature [28,29,30]. The morphological distribution of constituent phases was similar to those reported for both conventional DP and CP steels [31,32,33]. Figure 4a,b clearly shows that the microstructure of the DP980 steel was comprised of randomly distributed hardened island-shaped martensite inclusions (bright contrast) and a soft ferrite matrix (dark contrast) with a granular distribution. DP980 1 (Figure 4a) and DP980 2 (Figure 4b) showed a more granular distribution, while DP980 3, CP980 1, and CP980 2 (Figure 4c–e) had a banded distribution. DP980 3 (Figure 4c) consisted of annealed martensite in a soft ferrite matrix. The grain size and distribution for the hard martensite phase were very different, when comparing Figure 4a,b with Figure 4c. The CP980 materials, i.e., CP980 1 and CP980 2 (Figure 4d,e), presented a bainitic structure with martensite regions in a ferrite matrix, with a banded distribution. Carbides could be observed in the different high-strength steels distributed along the specimens.



To perform an identification of the phase percentages of both CP980 and DP980 microstructures, SEM images were obtained (Figure 5). The phase composition was evaluated through image analysis and the martensite phase percentage was obtained for the DP980 materials. For the CP980 materials, the bainite and martensite regions were identified based on the literature [29,32], and the approximate percentage of these phases is presented in Table 3. For the CP980 specimens, no differentiation was found between the percentages of bainite and martensite. The martensite content was higher in specimens DP980 3 and DP980 2 (Figure 5b,c), with 66.5 and 63.3% vol.% of martensite phase, respectively. The amount of retained austenite in DP steels and its possible effect on the increase in elongation were not analyzed in this study.



In Table 3, some results can be highlighted. According to this estimation, CP980 2 had higher bainite and lower martensite content than CP980 1, while in DP980 1 and DP980 2 similar ferrite and martensite content was found. DP980 3 is composed of annealed martensite and ferrite (Figure 5c). Here differences between material providers can be observed, specially between DP980 1and DP980 2 with DP980 3. A total variability of 9.40% and 5.64% between DP980 and CP980 specimens was found, respectively.



EBSD enables the study of crystallographic orientations based on the Kikuchi diffraction patterns from the surface of the specimens [34]. Figure 6 presents EBSD image quality maps for each material, where ferrite is indexed as the main phase. The difference in colors represents the difference in the grain misorientations. Figure 6 illustrates that there is no preference of grain orientation; the different colorings shown reflect the randomness of the crystallographic orientations of the grains in the material.



Grain size is another fundamental parameter when characterizing a material. In this work, the arithmetic and weighted average grain size were calculated to compare suppliers and to establish a relationship between the grain size and strength of each material. Table 4 depicts the arithmetic and weighted average, where the maximum and minimum grain size of each material were determined by EBSD analysis. The arithmetic average grain size was similar for all of the materials, ranging between 1.34 and 1.92 µm, while the weighted average grain size ranged from 3.04 to 6.37 µm. The maximum grain size observed for CP980 1 and DP980 3 was 17.02 and 15.70 µm, respectively. The percentage of grains with a size higher than 2 µm was calculated. The following percentages were found, from highest to lowest, DP980 2, CP980 1, CP980 2, DP980 3 and DP980 1, with 35.68%, 33.64%, 29.57%, 25.3%, and 23.26%, respectively.




3.3. Mechanical Properties of Both DP980 and CP980


The representative engineering stress−strain curves of all of the studied materials are shown in Figure 7. The main averaged mechanical properties for each rolling direction are shown in Figure 8. The highest yield strengths were found for CP980 1 with 916.8 MPa (Figure 8a) for 0° and 959.4 MPa for 90°, and the lowest for DP980 3 with 852.2 MPa for 0°. Differences in UTS (Figure 8b) of 119.3 MPa were found between all of the materials tested in 0°, where the DP980 1 material presented the highest UTS with 1085.7 MPa and the CP980 2 material presented the lowest UTS with 966.4 MPa. A difference of 43.8 MPa was found among the DP980 materials at 0°, while the CP980 steels exhibited a difference of 43.3 MPa in the same rolling direction.



The greatest elongations were found for the CP980 2 material for all rolling directions (Figure 8c). For 0°, the DP980 3 material presented the second largest elongation, followed by the CP980 1 material. For 45° and 90°, CP980 2 presented the second largest elongations. DP980 3 had higher elongations compared with the DP980 1 and DP980 2 materials in all of the rolling directions, except for 45° in DP980 2 (Figure 8c). This may be due to the variability in the tensile tests. Differences in the plastic region for all materials were observed in both strain hardening and necking regions.



In relation to hardening, remarkable differences were found. CP980 1 reported the lowest hardening exponent (n) values for all rolling directions (Figure 8d), of 0.037, 0.028, and 0.025, respectively. Between the DP980 steels, similar values were obtained. A maximum difference of 0.007 was found, ranging from 0.044 (DP980 1) to 0.051 (DP980 2). CP steel curves showed a plateau in the plastic region (Figure 7), with the strain hardening exponent being larger in the CP980 2 material than CP980 1. Concerning anisotropy, values between 0.8 and 1.1 were found (Figure 8d). No significant changes were observed in function of each material.




3.4. U-Bending Experimental Tests


After the mechanical and microstructural characterization, U-bending tests were conducted in both the DP980 and CP980 steel grades. The bending angle after the springback was measured for the 250 parts tested, and each sheet thickness was measured in-line. Table 5 shows the average sheet thickness measured in-line for each CP980 and DP980 analyzed, and Figure 9 shows the bending angle after the springback vs. the press stroke for each part tested, respectively, in standardized values.



For the five nominal press strokes, slight variations were found, both in the real stroke and in the bend angle obtained between materials and in the same material. For the same press stroke, in the same conditions, maximum angle variations of 1.25° were observed considering the five different high-strength steels. The real stroke was measured for each test. It can be seen that for the material with the lowest UTS (CP980 2) the highest bending angles were obtained, while the hardest material (DP980 1) had the lowest bending angles after the springback. Table 6 shows the maximum bending angle variability of each material. The variability of each material was calculated for the five nominal strokes, and the maximum of each material is presented. Each variability has been calculated as the difference between the maximum and the minimum bending angle for each stroke group.



For all of the materials, a high tensile strength resulted in a smaller bending angle, and high sheet thickness positively influenced the major bend angles.




3.5. Correlation Analysis


After the U-bending tests were performed, Pearson correlation coefficients were calculated to analyze the influence of different inputs in the U-bending angle after the springback. This value ranged from −1 to 1 [35]. A value of +1 was the result of a perfect positive relation between the two variables, while a value of −1 represented a negative relation. Positive correlations indicate that as the bending angle increased, the variable analyzed also increased; while negative correlations indicate that bending angle decreased when the variable analyzed increased. Zero indicated no correlation. In this work, the inputs that were considered were, apart from press stroke, as follows: sheet thickness (t), tensile strength (UTS), 0.2% offset yield strength (Rp0.2%), grain size (g), elongation (A), anisotropy (r), and strain hardening exponent (n). The results of this analysis are shown in Figure 10.



In this work, the bending angle after the springback was highly influenced by the press stroke; t, followed by UTS, were also the most influential parameters. It was found that increasing t increased the bending angle, while increasing UTS decreased the bending angle. On the other hand, apart from t, the other variables whose increase implied an increase in the bending angle were as follows: g, A, and r. The Pearson correlation coefficients obtained for Rp0.2%, r, and n were around 0.1 or lower. These are low values; therefore, they had a very weak linear relationship.





4. Discussion


The current results suggest that the composition and processed conditions for these high-strength steels may play an important role in the U-bending angle after the springback behavior. The microstructural composition and the percentage of the phases depend on several factors: cooling and heating rates, intercritical annealing and temperatures, annealing times, and tempering temperature and process, among others [36,37,38,39,40]. Step annealing produced a fibrous (fine, needle-like) ferrite-plus-martensite structure (for DP steels), such as those found in DP980 3 (Figure 4c and Figure 5c), while intercritical annealing produced an equiaxed ferrite−martensite microstructure [41], such as those found in DP980 1 and DP980 2 (Figure 5a,b). With an inadequate annealing time, austenite formation cannot completely occur [36]. In this case, there is apparently no austenite in the DP980 microstructures (DP980 1 and DP980 2, Figure 5a,b), except in the case of DP980 3 (Figure 5c), in which it is hard to differentiate martensite from retained austenite. With slow heating rates, austenite keeps randomly distributed in the ferritic matrix during the intercritical annealing. Instead, with high heating rates an inadequate recrystallisation of ferrite occurs, resulting in banded austenite regions. For a given composition, minor variations in cooling rates may lead to large changes in the microstructure. DP980 3 seemed to show this microstructure type. Moreover, the tempering process resulted in increased elongation at the cost of decreasing the tensile strength [36].



Intercritical temperature can be also responsible of the needled or blocked ferrite martensite microstructure [42]. The presence of fine particle carbides, especially in DP980 1 and DP980 2 (Figure 5a,b), could be due to the low intercritical temperatures [42]. The balance of yield strength and uniform elongation could be improved by the dispersion of carbide particles [43]. The fine particle carbides present in the materials analyzed (Figure 5a–e) could contribute to an improvement in such mechanical properties. Small variations in the carbon concentration of martensite may lead to a large change in the tensile strength [44].



It is important to note that the percentage of the phases depends, apart from the factors cited above, on the carbon content [36]. Table 2 shows the chemical composition of each material. DP980 3 had the highest carbon content and DP980 1 had the lowest. Niobium has strengthening and grain refining properties [20]. Among DP980 materials, the Niobium (Nb) content was practically the same for DP980 1 and DP980 2 (same provider, different batches), while for DP980 3 there was no Nb content. As for the CP980 materials, they had the same Nb content (same provider, different batches). Regarding Mn content, it increases steel hardenability and reduces ductility [45,46]. This was correlated with this study for both the DP and CP steels; as the Mn quantity (Table 2) increased, the hardenability (Figure 7) increased and ductility decreased.



Annealed martensite is almost as hard and strong as martensite, but much more ductile. It is hard because the cementite interfaces lock dislocations (act as barriers) in a plastic deformation. The soft ferrite phase in DP steels is replaced by hard and less deformable bainite in CP steels [32]. Martensite’s strength strongly depends on its carbon content [47,48]. Increasing the carbon content in martensite increases the tensile strength [49]. Between DP980 1 and DP980 2, for a high carbon content, higher tensile strengths were found, except for DP980 3 (Figure 8b and Table 2). This could be due to differences in treatments applied between these materials, as the SEM images (Figure 5) showed differences between the microstructures regarding the fibrous martensite present in DP980 3. Zhang et al. [50] related fibrous martensite to a high carbon content, and DP980 3 presented the highest carbon content (Table 2).



The mean grain size varied from 1.34 µm (DP980 2) to 1.92 µm (CP980 1) (Table 4). Although the latest material presented the largest mean grain size, the largest grain sizes (max. 19.68 µm) were found for CP980 2, which agreed with the fact that CP980 1 had larger UTS and Rp0.2% than CP980 2 (Figure 8a,b). The grain shape also plays a key role in the mechanical properties [51]. Long intercritical annealing times can cause abnormal grain growth, which decreases the tensile strength. Although the mean grain size was lower in DP980 2 than in DP980 1, the latter material had a higher UTS. This could be due to the grain morphology, as in Figure 4, a more equiaxial structure in DP980 1 than in DP980 2 can be observed.



Ramazani et al. [52] observed that DP steels with equiaxed microstructures (as DP980 1 and DP980 2, Figure 4a,b and Figure 5a,b) showed higher strength and work hardening compared with banded microstructures (as DP980 3, Figure 4c and Figure 5c). In relation to the more banded distribution in DP980 3 and CP980 1, a possible explanation is that at low quenching temperatures, the time was too short to allow for the diffusion of long-range carbon, which is normally evidenced by banding. Furthermore, at high quenching temperatures, the ferrite appeared equiaxial, whereas at low quenching temperatures, the plate morphology predominated [53]. In Section 3.3, it was found that the respective material properties were quite different. This could be due to the distribution and shape of the martensite islands, especially in DP980 3 (Figure 5c). In DP980 3, the martensite islands were rather bigger and the grain size of the martensite was not similar to the ferrite grain size. The martensite annealing in DP980 3 provided it a greater ductility and a slight decrease in hardness and mechanical strength (4.03% lower UTS with respect to DP980 1). Regarding grain misorientations, the EBSD quality maps (Figure 6) showed the randomness of the crystallographic orientations of the grains in the material. This was also reflected in the Lankford coefficients obtained (Figure 8d).



Regarding CP steels, the two CP980 materials analyzed had a similar phase content (Table 3 and Figure 5d,e), differing in by 5.6%, but there were differences in mechanical properties. The presence of a higher bainite content in CP980 2 resulted in this material having a higher work hardening rate (Figure 8e), as well as the lowest tensile strength (Figure 8b). Grain size may be the responsible of having higher yield in CP980 1 than in CP980 2, as CP980 1 had an average grain size of 1.92 µm, 4.91% higher than CP980 2. The observations made in Figure 5 were in agreement with the stress−strain curves of Figure 7, where the CP alloy showed the highest yield point. Although the bainite phase was less deformable than the ferrite phase [32], in this case CP980 2, had the largest elongation, a 29.75% higher than DP980 1 elongation (Figure 8c). Furthermore, although the average grain size obtained for CP980 2 was slightly higher than for CP980 1, its tensile strength was 4.46% lower.



Generally, CP steel had a low UTS (1009.68 MPa and 966.36 MPa) and a relatively high yielding point (916.79 MPa in case of CP980 1) in comparison with DP steels (Figure 8a,b). This is in line with previous studies on these two families of steel [32]. CP980 2 presented lower Rp0.2% and higher work hardening rates than CP980 1. This is agreement with the ferrite content of both materials (30.88% for CP980 1 and 25.25% for CP980 2). The soft ferrite phase decreased the yield point, but allowed for a higher work hardening rate. This was true for CP980 1 and CP980 2. Table 7 and Figure 11 show the percentages of variation obtained for each rolling direction. The variability between the different DP980 and CP980 different batches was calculated for UTS, Rp0.2%, r, A and n. Overall, the greatest variations were found for A and n. Variations up to 108.33% were found in n at 90° for CP980 steel. Regarding UTS, Rp0.2%, and r, no variations of more than 13.95% were found.



According to the grain size, Figure 12 depicts the arithmetic average grain size of each material versus different mechanical properties for UTS, A, and n. It is known that for major grain sizes, UTS decreases [54]. In this work, the trend was the same, although for DP980 2 (1.34 µm) and CP980 1 (1.92 µm), lower and higher UTS than expected were found, respectively. As observed in Figure 11, in this work, major grain sizes had lower strain hardening exponents and higher elongations. According to Calcagnotto et al. [54], elongation was slightly affected. Grain shape may be one of the factors for a higher UTS for higher grain sizes. The same applies for the strain hardening exponent.



Regarding the variability in the bending angle, among all of the groups of strokes, a maximum angle variability between all DPs of 0.71° was found. Between batches, a maximum variability of 0.65° was found (DP980 1 and DP980 2). The batch with the greatest variability among the DP980 steels was DP980 2, with a maximum variation of 0.48° (Table 6). In the correlation analysis (see Figure 10), it was observed that, after press stroke, sheet thickness and UTS were the variables that most affect the final bending angle. The bending angle after the springback increased as the UTS decreased and as the thickness of the part increased. This implies that, in addition to other factors, even slight variations of 43.77 MPa in UTS and 0.03 mm in sheet thickness could result in a significant variation of up to 0.71° in the bending angle of DP980 steels. As for CP980 steels, a maximum angle variability of 0.55° was found between CP980 1 and CP980 2. Slight deviations in UTS of 43.32 MPa and sheet thickness of 0.02 mm could result in a significant maximum variation of 0.55° in the bending angle.




5. Conclusions


In the present study, the mechanical and microstructural characterization on five high-strength steels from different suppliers has been conducted. These steels are currently used by an industrial company to manufacture a real product by U-bending, where variability is an issue. Experimental tests were performed using the U-bending demonstrator to characterize this variability, and also to determine the correlation between the initial mechanical properties and the bend angle after springback. A notable variability between materials in bend angle after springback was observed in the U-bending tests. Therefore, the main conclusions of the work performed are the following:




	
Variations of up to 1.25° in bending angle were observed between the five batches for the same press stroke. The variability in the properties of the three DP980 steels analyzed involved variations of up to 0.71° in the bending angle for the same stroke. Between batches from the same provider, variations up to 0.65° were observed.



	
The variability in the properties of the two CP980 steels analyzed (same provider, different batches) involved variations of up to 0.55° in the bending angle for the same stroke.



	
The use of correlation analysis allowed for knowing the most influential variables of the process in order to predict the bending angle in anticipation of material and thickness changes. The most influential variables on the final bending angle in the U-bending process were, apart from the press stroke, the sheet thickness and the mechanical strength. The least influential variables were the anisotropy and strain hardening exponent.



	
Maximum variations in mechanical properties were found for the elongation and strain hardening exponents. For n, a maximum difference of 108.33% was found between batches in CPs. As for A, a maximum variation of 34.92% was found for 0° between DPs. As for grain size, a maximum difference of 43.28% was found between all of the materials.



	
Maximum variations of 9.4% in phase content were observed in DP980 steels, while CP980 steels exhibited variations of 5.6%. The presence of bainite in CP980 2 gave this material a higher work hardening rate and the lowest tensile strength.








These results suggest that a control of the bending angle based on sheet thickness and tensile strength measurements by adjusting the press stroke could be an appropriate strategy.
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Figure 1. Elongation versus tensile strength for different classes of sheet steel (adapted from Ref. [4]). 






Figure 1. Elongation versus tensile strength for different classes of sheet steel (adapted from Ref. [4]).



[image: Metals 13 01603 g001]







[image: Metals 13 01603 g002] 





Figure 2. Scheme of the U-bending demonstrator combining punch stroke with cam displacement. α is the bend angle after the springback. Note that bigger α means a lower springback of the product. 
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Figure 3. Measuring system set-up. The system measures the final part resulting from the U-bending process. 
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Figure 4. Details of the microstructure of each material: (a) DP980 1, (b) DP980 2, (c) DP980 3, (d) CP980 1, and (e) CP980 2. 
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Figure 5. Details of the microstructures obtained using an SEM microscope: (a) DP980 1, (b) DP980 2, (c) DP980 3, (d) CP980 1, and (e) CP980 2. Red arrows represent bainite, orange arrows represent martensite, and blue arrows represent ferrite. 
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Figure 6. IPF maps of the analyzed DP980 and CP980: (a) DP980 1, (b) DP980 2, (c) DP980 3, (d) CP980 1, and (e) CP980 2. 
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Figure 7. Engineering stress–plastic strain curves of DP980 and CP980: (a) rolling direction of 0°, (b) rolling direction of 45°, and (c) rolling direction of 90°. 
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Figure 8. Mechanical properties of the materials analyzed for each rolling direction: (a) 0.2% offset yield strength Rp 0.2%, (b) UTS, (c) elongation (A); (d) Lankford coefficients (r), and (e) strain hardening exponent (n). 
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Figure 9. Bend angle after the springback [°] vs. press stroke [mm] in standardized values for all of the parts tested. 
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Figure 10. Pearson correlation coefficients for each variable regarding the final bending angle. 
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Figure 11. Percentage of variation [%] f each mechanical property measured for each rolling direction. Values are obtained for both DP980 and CP980 batches received. 
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Figure 12. Mean grain size vs. tensile strength (UTS), elongation (A), and hardening coefficient (n) for each material. 
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Table 1. Materials selected for the study.






Table 1. Materials selected for the study.





	Material
	Specifications





	DP980 1
	Supplier No. 1

Batch 1

Annealed, skin-passed



	DP980 2
	Supplier No. 1

Batch 2

Annealed, skin-passed



	DP980 3
	Supplier No. 2

Batch 3

Annealed, skin-passed



	CP980 1
	Supplier No. 3

Batch 4

Annealed



	CP980 2
	Supplier No. 3

Batch 5

Annealed










 





Table 2. Chemical composition of each investigated high-strength steel (in wt.%).
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	Material
	C
	Si
	Mn
	P
	S
	Cr
	Ni
	B (ppm)
	Cu
	Mo
	N
	Nb
	Ti
	V
	Sol-Al





	DP980 1
	0.0685
	0.202
	2.525
	0.018
	0.001
	0.965
	0.014
	24
	0.017
	0.025
	-
	0.05
	0.0205
	0.004
	0.032



	DP980 2
	0.0718
	0.106
	2.469
	0.0102
	0.0013
	0.947
	0.015
	26
	0.023
	0.023
	-
	0.051
	0.0219
	0.004
	0.034



	DP980 3
	0.150
	0.201
	1.89
	0.019
	0.003
	-
	-
	-
	-
	-
	0.053
	-
	-
	-
	0.032



	CP980 1
	0.098
	0.34
	2.22
	0.013
	0
	0.124
	-
	0.0025(%)
	-
	0.001
	-
	0.002
	0.0024
	0.005
	0.0046



	CP980 2
	0.1020
	0.35
	2.18
	0.01
	0
	0.118
	0
	0.0021(%)
	0.008
	0.001
	-
	0.002
	0.0024
	0.005
	0.0046










 





Table 3. Volumetric fraction of ferrite (Vα) and martensite and bainite (VM/B) phases in each material.
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	Material
	DP980 1
	DP980 2
	DP980 3
	CP980 1
	CP980 2





	Ferrite fraction Vα [%]
	42.9
	36.7
	33.5
	30.9
	25.2



	Martensite and bainite fraction VM/B [%]
	57.1
	63.3
	66.5
	69.1
	74.8










 





Table 4. Grain size of each specimen analyzed.
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	Material
	DP980 1
	DP980 2
	DP980 3
	CP980 1
	CP980 2





	Arithmetic average grain size     (  ∅ A  )   [µm]
	1.49
	1.34
	1.62
	1.92
	1.83



	Weighted average grain size      (   ∅ W   )    [µm]
	3.34
	3.04
	5.37
	5.60
	6.37



	Max. grain size [µm]
	9.43
	9.80
	15.70
	14.55
	19.68



	Min. grain size [µm]
	0.45
	0.45
	0.45
	0.28
	0.45










 





Table 5. Average sheet thickness of the 250 specimens analyzed.
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	Material
	DP980 1
	DP980 2
	DP980 3
	CP980 1
	CP980 2





	Sheet thickness [mm]
	1.46
	1.49
	1.49
	1.50
	1.49










 





Table 6. Maximum variability in the bending angle after the springback for the five materials analyzed.
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	Material
	DP980 1
	DP980 2
	DP980 3
	CP980 1
	CP980 2





	Variability in bending angle after springback [°]
	0.27
	0.48
	0.24
	0.20
	0.43










 





Table 7. Percentage of variation [%] for each mechanical property measured for each rolling direction. Values obtained for both DP980 and CP980 batches received. Percentages are calculated with respect to the minimum value.
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UTS [MPa]

	
Rp0.2% [MPa]

	
r [-]

	
A [%]

	
n [-]




	
RD [°]

	
DPs [%]

	
CPs [%]

	
DPs [%]

	
CPs [%]

	
DPs [%]

	
CPs [%]

	
DPs [%]

	
CPs [%]

	
DPs [%]

	
CPs [%]






	
0

	
5.55

	
6.40

	
5.99

	
7.32

	
4.84

	
7.72

	
34.92

	
15.96

	
15.91

	
32.43




	
45

	
3.21

	
4.04

	
5.53

	
7.94

	
10.37

	
9.51

	
32.06

	
10.90

	
25.00

	
74.07




	
90

	
3.90

	
6.89

	
4.84

	
13.95

	
9.16

	
5.47

	
17.03

	
21.61

	
28.95

	
108.33
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